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Innate immunity is the primary mechanism by which extracellular bacterial pathogens are eiiectively cleared 
from the lung. We have previously shown tliat cyclic (li-dlVlP (c-di-CMP [c-diguanylate]) is a novel small 
molecule immunomodulator and immunostimulatory agent that triggers protective host innate immune re- 
sponses. Using a murine model of bacterial pneumonia, we show that local intranasal (i.n.) or systemic 
subcutaneous (s.c.) administration of c-di-GMP prior to intratracheal (i.t.) challenge with Klebsiella pneu- 
moniae stimulates protecti ve immunity against infection. Specifically, i.n. or s.c. administration of c-di-GMP 48 
and 24 h prior to i.t. K. pneumoniae challenge resulted in significantly increased sunival. Pretreatment with 
c-di-GMP resulted in a S-fold reduction in bacterial CFU in the lung (P < 0.05) and an impressive > 1,000-fold 
decrease in CFU in the biood (P < 0.01). c-di-GMP administration stimulated a robust innate response to 
bacteria] challenge, characterized by enhanced accumulation of neutrophils and ap T cells, as well as activated 
NK and ap T lymphocytes, which was associated with earlier and more vigorous expression of chemokines and 
type I cytokines. Moreover, lung macrophages recovered from Klebsiella-iniected mice pretreated with c-di- 
GMP expressed greater quantities of inducible nitric oxide synthase and nitric oxide ex vivo than did 
macrophages isolated from infected mice pretreated with the control, c-GMP. These findings demonstrate that 
c-di-GMP delivered in either a compartmentalized or systemic fashion stimulates protective innate immunity 
in the lung and protects mice against bacterial invasion. We propose that the cyclic dinucleotide c-di-GMP may 
be used clinically as an effective immunomodulator, immune enhancer, and vaccine adjuvant to protect against 
respiratory infection and pneumonia in humans and animals. 



Klebsiella pneumoniae is an encapsulated, highly virulent 
gram-negative bacterium that is a leading cause of both com- 
munity-acquired and nosocomial pneumonia. A frequent com- 
plication of pulmonary infection due to K. pneumoniae is the 
propensity of this organism to spread from the lung into the 
bloodstream, resulting in widespread systemic dissemination 
and death. Innate immunity is the principal pathway for elim- 
ination of virulent extracellular gram-positive and gram-nega- 
tive pathogens, including K. pneumoniae, from the lung (33). 
The two main phagocytic cells that constitute pulmonary in- 
nate immunit}' are resident alveolar macrophages and re- 
cruited neutrophils (polymorphonuclear leukocytes [PMN]) 
(28, 45). Both cell types are essential in host defense against 
bacterial pneumonia, such as that caused by K. pneumoniae, as 
the selective depletion of either cell population results in pro- 
found defects in the clearance of bacteria from the alveolar 
space (4, 47). In addition, local and rapidly recruited lung 
dendritic cells (DCs) internalize bacteria and promote the 
expression of type I cytokines by NK cells, T cells, and 
natural killer T (NKT) cells (2, 9, 10, 24, 25, 42, 19, 26, 27, 
29-31). The type 1 cytokines interleukin-12 (lL-12), gamma 
interferon (IFN-7), and interferon-inducible protein 10 (IP- 
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10) are required for host defense against both intracellular 

and extracellular bacterial pathogens (3, 8, 14, 32, 41, 43, 44, 
48, 49). 

Cyclic di-GMP (c-di-GMP [c-diguanvlate]) is an mtracellu- 
lar signaling molecule that was iniliallv identified in the bzc- 
terium Acetobacterxylmum and shown to regulate the produc- 
tion of cellulose by this microbe (1. 39. 40). More recently, this 
molecule has been found m multiple bacterial species but not 
higher eukaryotes (7, 12. 20. 34. 36. 37). and c-di-GMP signal- 
ing is believed to be an exclusively bacterial trait. Importantly, 
c-di-GMP is now recognized to control many key functions in 
bacteria, including bacterial survival, adhesion, colonization, 
and biofilm formation (6, 16, 20, 23. 34. 38). 

We have previously demonstrated that exogenous chemi- 
cally synthesized c-di-GMP sigmficanllv reduces m vitro cell- 
cell interactions and biofilm formation ot the gram-positive 
pathogen Staphylococcus aureus, including human niethicillm- 
resistant S. aureus strains and animal clinical isolates (23). In 
vivo, we have shown that the intramammar\' administrafion of 
c-di-GMP inhibits colonization and biofilm lormation bv .S. 
aureus in a murine model of mastitis infection, resulting in the 
enhanced ability of the host to clear the pathogen (.5). While 
there is ample evidence to indicate that c-di-( (MP [ilays a kev 
role in regulating virulence properties ot bacteria, there are 
also emerging data to indicate that this bacterial product might 
also modulate host cellular responses. Consistent with this 
notion, we have recentiv shown that c-di-GMP inhibits basal 
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and growth facior-induced proliferation of human colon car- 
cinoma cells (21). 

Moreover, we were the first to show that c-di-CiMC is an 
immunomodulatory (immunostimulatory) molecule and has 
potent immunoprophylactic properties and vacane adjuvant 
effects on antibody production, as the mtrdraust-ular vaccina 
tion of mice with c-di-GMP coinicctcd with S. aureus clumping 
fd^fM \ (CllA) mti en usLillLil m i nili. intl\ 1 n he stium 
antigen-specinc antibody responses than antigen alone (22). 
The intraperitoneal injection ol irnce with c-di-GMP promoted 
monocyte and granulocyte recruitment. Human immature DCs 
cultured m the presence of c-di-GMP showed increased ex- 
pression of costimulatorv molecules CD80/CD86 and mat- 
uration marker CI383. increased major histocompatibihtv 
complex class II, and cytokines and chemokines, such as 
lL-12, TFN-7. I1.--8. monoc\'te chemoattractant protein 1. 
IP-10, and RAIsTES, and altered expression of chemokme 
receptors, including CCRl. CCR7, and CXCR4. Furthermore. 
c-di-GMP-maturcd DCs demonstrated enhanced i-cell stim- 
ulatoiT activity. The immune effects of c-di-GMP were associ- 
ated with activation of p36 mitogen-activated protein kinase m 
human DCs and extracellular sisnal-regiilated kinase phosphor- 
ylation m human macrophages (22). 

To further investigate the immunostimulatory role of c-di- 
GMP on the innate immune responses of the host m response 
to. and to protect against, respiratory bacterial inva.sion, we 
used an established mouse model of virulent gram-negative 
bacterial pneumonia. We proMde additional direct evidence 
that c-di-GMP is an iimnunostimulator and acts as a danger 
.signal to exploit the host immune system and stimulate pro- 
tective innate antibactenal immunity, as the intranasal (i.n.) 
administration of synthetic c-di-GMP results m improved lung 
bdctuial clearance and prevention of the systemic sequelae of 
pneumonia caused by K. pneumoniae. 

MATERIALS AND METHODS 

Animals. Female specific-pathogen-free 6- to 8-weck-old BALB/c mice (aver- 
age weight, approximately 20 g) were purchased from Jackson Laboratory (Bar 
Harbor. ME). All animals were housed under speciflc-pathogen-frce condiUons 
withm the University of Michigan animal care facility until the day of sacrifice. 

Bacterial prcpanition and intratracheal (i.t.) inoculation. The virulent K. 
pneumoniae strain 43816 setotj'pc 2 (ATTC. Manas.sas. VA) was used m our 
.studies (4. 32. 48). K. pneumoniae was grown overnight m trwptic soy broth 
(Difco. Detroit. MI) at 37°C. The concentration of bacteria m broth was deter- 
mined by mea.suring the absotbance at 600 nm and then plotting the optical 
density on a standard curve generated with known CFU values. Tlie bacterial 
culture, was then diluted to the desired concentration. 

Mice were anesthetized with an intraperitoneal mixture of ketamme (100 
mg/lcg) and xylazine (10 mg.lcg). For i.n. admmi.'itration. c-di-GMP, the nucleo- 
tide control c-GMP. or vehicle (phosphate-buffered sahne fPBS]) was adminis- 
tered I.n. in a 10-(l1 volume. For i.t. administration ot bacteria, the trachea was 
exposed, and 30 |lI ot inoculum was administered via a sterile 26-gauge needle. 
The skin incision was closed usmg surgical staples. 

c-di-fcMP. 1 he c-th-GMP used m these studies was chemically synthesized imd 
prepared as described previously (15, 17, 18). The purity of the batch of c-di- 
(jMP used was >98% and was confirmed by high-performance liauid chroma- 
tography, ''P-nuclear magnetic resonance, and electrospray ionization -time-of- 
flight mass spectrometry analyses (data not shown). Control c-GMP wsis 
purciiased fiom Sigma (St. Louis. MO). c-di-GMP or control c-GMP was recon- 
stilutecl al the appropriate concentration in 30 nl ol sterile saline or water. 
Control groups m the experiments received eitlier vehicle (PBS) alone or control 
c-OMP (Sigma). Effects ot control c-GMP were similar to vehicle alone, and for 
that reason c-GMP was used as the control for most of the expcrimente per- 



tormed. -Ml GMP preparatu 
endotoxin contamination as 
Whole-lung homunenizatM 



ml ot PUS with protease inhibitor (Boehrmser .Mannheim. Indianapolis. IN). 
Homogenatcs were then seriallv dilutea 1:5 m PBh and plated on blood agar to 

centrilu)»cd al 1,400 a g tor IS mm. Supernatants were collected, passed through 
a 0.45-|a,m-pore-st2e filter, and then stored at -20''C tor asses.sniont of cytokine 

Peripheral blood CHJ. Blood was collected in a heparimzed syringe from the 
nghl ventricle at the desienated time points, serially diluted 1:2 with PBS, and 
plated on blood agar to determine blood CFU. 

total lunj; leukocyte isolation and cvtospins. lolal lung leukocytes were iso- 
lated as previously described (9. 14). Briellv. lung tissue was minced to a fine 
slurry in 15 ml of disestion buller (RPMI, 5% fetal calf serum, collagenase at 1 
mg,'ml LBoehrinaer-Maiinheim. CliicaKO, ILJ, and DNase at 30 ng/ml [Sigma. St. 
Louis, MOJ). Luiii; slurries were enzymaticallv digested for 30 min at 37°C. 
Undigested fragments were turther dispersed by drawing the solution up and 
down through the bore ot a lO-ml syringe. 1 he total lung cell suspension was 
pelleted, resuspended. and spun through a 20% PercoU gradient to enrich for 
leukocvles for flow analysis. Cell counts and viability were deteraiined on a 
hemacytometer using trypan blue exclusion. CVtocentnlugation shdes {Cytospin 
2: Shandon Inc., Pittsburgh. PA) were prepared from lung digest leukocvte 
suspensions and stamed with Difl-Quik (Dade Behring, Newark. DE) tor cell 
differential determinations. 

Measurement of NO. Lung macrophages were isolated from luiis digest cells 
by 10% Pcicoli gradient enrichment and adherence purification at a concentra- 
tion of 5 X lO' ceilsMell. Ce!U were washed three times and then incubated for 
lis h m RPMI plus pemcillin-streptomvcin. The production ol nitric oxide (NO) 
was determined by measuring the accumulation of nitrite, the .stable metabohte 

(t6). A standard nitrite curve was generated m the same fashion using NaNO,. 
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Irozen lira^ as described previously. Measurement of (;ene expression was per- 

systems, Foster City, CA) as previously described (47). Briefly, primers and 
probes were designed asmg the Shortcut to Primer Express software (Applied 
Biosvstems). The primers, placed m different cxons. were tested not to amplifv 

mouse IP-10 (mIP-10). Ibrw.-ir^d primer. 5'-CCA GTG AGA ATG AGG GCC 
.ATA-3'. reverse primer. 5'-CTC AAC ACG TGG GCA CiGA T-3'. and 
TaqMan probe. 5'-/.-caibo»1iiioicsccin-TTT GGG CAT CAT CTT CCT 
GGA.-tetramethylrhodamine-3': for mouse tumor necrosis factor alpha (mTNF- 
ot), forward. 5'-CAG CCG ATG GGT TGT ACC TT~3'. reverse. 5'-TGT GGG 
TGA GGA GCA CGT AGT-3 ', and probe. 5'-TCC CAG GTT CTC TTC AAG 
GGA CAA GGC-J : tor mouse macrophage-inflammatori' protein (mMlP-2). 
forward. 5'-GAA CAT CCA GAG CIT GAG TGT GA-3'. reverse. 5'-CCT 
IG.A GAG IGU CIA TGA CIT CTG T-3', and probe. 5'-CCC CCA GGA 
CCC CAC TGC G-3'; for raIH2 p40. forward. 5'-AGA CCC TGC CCA TTG 
AAC TG-3'. reverse. 5 '-GAA GCT GGT OCT' GTA GIT CTC ATA lT-3'. and 
probe, S'-CGTTGG AAG CAC GGC AG C AGA A-3': for mouse mducible NO 
synthase (miNOS), forward, 5' CCC TCC IGA TCT TGT GTT GGA-3'. ic- 
ssrse 5 CA.^ CCC GAG L IC t ICj i,\\ iKpbt IG\t(\l(,<. 
AGC ATT CCA AGT ACG AG I i for n ^ actir forvMnl, CCG IGA 
AAA GA f GAC CCA GAl C > rev rsc f A( AGC CTG GAT GGC 
TAC-C/T-3', and probe, 5'-TTT-GAG-ACC-TTC-AAC-ACC-CCA-GCC-A-3'. 
Specihc thermal cycling parameters used with the PatiMan one-step reverse 
transcnption-PCR Master Mix reagents kit included 30 nun at 48''C. 10 rain at 
95°C, and 40 cycles involvmg denaturation at 95°C foi 15 s and annealing/ 
extension at 60°C for 1 min. Rclath'e quantitation of cytokine mlWA levels was 
plotted as the change compared to that with untreated control lung. All exper- 
iments were performed in duphcate. 

Multiparameter flow cytometric analysis. Total lung leukocytes wtre i.solaled 
as described previously (9. 48). Using fluorescein isulhiocyanale- or phyco- 
erythrin-labeled antibodies (BD PharMingen. San Diego. CA). isolated leuko- 
cytes were then stamed with the following: anti-FWSO (macrophage). anti-CD4. 
anti-CD8, anti-ap-Ter (a^ T-cel! marker). anti^-yS-Tcr (-^S 1-ceU marker), anti- 
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Days post Klebsiella i.t. 



1: 



Days post Klebsiella i.t. 



FIG. .1. Sumval following treatment with either i.n. or s.c. c-di-GMP 
c-di-GMP or vehicle (saline) 4S and 24 h prior to i.t. K. pnei 
vehicle concomitant with and 6 h after i.t. K. pneumoniae (1 > 
cGMP 48 and 24 h prior to challenge with a lower dose oiK. 

control c-GMP 24 h prior to challenge with K. pneumoniae (3 X ICP to 4 X 10-'). Survival in all experiments was assessed through di 
0.05 by two-tailed log rank test compared to control vehicle- or c-GMP-treated KlebsieUa-infuctsd mice. For panels A to C, data are for 10 to 11 
animals per group, with composite results from two separate experiments; for panel D, there were five animals per group. The percent survival 
is shown on the x axis. 



1 Klehsiella-'mfected animals. A. Animals were ac 
10') challenge. B. Animals were administered i.i 
10') challenge. C. Animals were administered i.n 
' ' 10'). D, Animals w ' ' 



or s.c. c-di-GMP o 
;-di-GMP or contro 
:-di-GMP o 



CL4'!l lo ( 



Stalistica! analvsis. Survival curves were compared using ihe log rank test. For 
other data, staiistical significance was determined using the unpaired ( test or 
analysis of vanance tor multiple comparisons as appropriate. All calculations 
were performed usmg the Prism J.O software proerani for Windows (GraphPaci 



RESULTS 

Effect of c-di-GMP administration on survival m murine 
KlebswHa pneumonia. To determine the effect of c-di-nMr 
pretreatnient on survival in mice challenged with K. pneu- 
moniae. BALB/c mice were treated with c~di-GMP (zOO nmol: 
equivalent to a dose of approximately 2.5 mg/kg) or vehicle i.n. 
or subcutaneouslv (s.c.) at both 48 and 24 h prior to the i.t. 
administration of K. pneumoniae (3 X 10- CMj) and nieii 
assessed for survival. In previously published mouse studies, it 
was shown that the maximal benefit of c-ai-GMP was observed 
at an m vivo dose of 200 nmol/animal (5). In the current 
studies, no control Klehsiella-infected animals pretreated with 
vehicle suiwed past 5 days post-infectious challenge. In con- 



irast. survival of mice pretreated w^ith c-di-GMP either locally 
(I.n.) or systemicallv (s.c.) was significantly increased at both 
LirK lit time p nt frlliMn t kl I II Hllen^e 
(Fig. lA) (P < 0.05). with the i.n. route of delivery being 
equally as etocacious as the s.c. route. Iraporlanllv. the survival 
benefits observed rcqiurcd prctreatment, as no increase m 
.survival was observed m animals in which c-cli-CiMP was ad- 
miiiisicred i.n. or s.c. concomitant with and 6 h post-K. pneu- 
moniae administration (Fig. IB). Improved survival was also 
observed m mice pretreated (48 and 24 li pta-Klebmella) with 
c-di-GMP mtranasallv and then challenged with a lower dose 
otK. pneutnon ( x 10" CFU). compared to mice pretreated 
with control c-GMP (Fia. IC) (P < 0.05). Moreover, we found 
that a single i.n. administration of c-di-GMP at 24 h pnor to K. 
pneumoniae aflorded a similar magnitude of protection as that 
observed with c-di-GM? administration at both 48 and 24 h 
prior to bacterial challenee (Fie. ID). 

Ffitcl ot L di GMF pittitatinent on / pi u n n at tl ii 
Slice m a ^nunne modti of pneumoni i i f c 
pertormed to determine if the beneficial cttcct of c-ai-(.TMP 
was attnbutable to improved bactenal clearance and decreased 
dissemination. Because we observed that the survival benefits 
of c-di-GMP when given bv the i.n. route were equivalent to 
those observed with s.c. administration, subsequent studies 
were performed using the i.n. route of c-di-GMP delivery. In 
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FIG. 2. Bacterial c 



Time post Klebsiella (hrs) 

ii KlebsieUa-infected animals pretreated with i.n. c-di-GMP 



! c-GMP. Mice were administered i,n, 

c-di-GMP or control 48 and 24 h prior to i.t. Klehsidla, and then K pneumoniae CPU were determined in lung and blood 24 and 48 h later. 
(A) Lung CPU; (B) blood CPU. Bacterial CPU in lung is shown on an algebraic scale on the x axis, whereas blood CPU is shown as the log^a ± 
the standard error of the mean on the x axis and is composited from two different experiments. *,P < 0.01 compared to i.n. control c-GMP 
(experimental group, n = 6 to 9 animals). 



these studies, mice were pretreated with c-di-GMP (200 nmol) 
or control c-GMP i.n. at 48 and 24 h prior to i.t. K pneumoniae 
(5 X 10^ CFU) challenge, and then bacterial burdens in lung 
and blood were determined at 24 and 48 h post-bacterial chal- 
lenge. Intranasal pretreatment with c-di-GMP resulted in an 
approximately fivefold reduction in K. pneumoniae CFU in 
lung at 48 h postinfection (P < 0.05) (Fig. 2). More striking was 
the finding that i.n. pretreatment with c-di-GMP tended to 
prevent the development of bacteremia at 24 h (/' = 0.07 
compared to control c-GMP-treated mice) and at 48 h resulted 
in a greatcr-than-l,000-fold reduction in K. pneumoniae CPU 
in blood, compared to that observed in control infected ani- 
mals {P < 0.01). As an important control, we found that c-di- 
GMP in concentrations ranging from 2 nM to 200 nM had no 
direct inhibitory effect on growth of K. pneumoniae in culture 
(data not shown). 

Effect of c-di-GMP pretreatment on lung leukocyte influx in 
murine Kkbsiella pneumonia. We next determined if pretreat- 
ment with c-di-GMP enhanced bacterial clearance in murine 
Klebsiella pneumonia by altering the infiitx and/or activation of 



cells required for effective antibacterial host defense. To ad- 
dress this, mice were administered either c-di-GMP or equal 
concentrations of nucleotide control (c-GMP) i.n. 48 and 24 h 
prior to i.t. K. pneumoniae challenge, and then lungs were 
han.'ested 24 and 48 h postinfection and total leukocyte pop- 
ulations were quantitated by lung digestion. As shown in Fig. 3, 
i.t. administration of K pneumoniae resulted in an increase in 
the total number of leukocytes, especially neutrophils, in whole 
lung digest, compared to uninfected controls. No difference in 
total lung leukoq'tes or PMN was noted between control c- 
GMP- and c-di-GMP-treated mice at 24 h post-it. pneumoniae 
administration. However, animals pretreated with c-di-GMP 
had a significant increase in the total number of lung leuko- 
cytes {P < 0.01) and PMN (P < 0.01) at 48 h compared to 
animals pretreated with c-GMP control. No changes in the 
numbers of lung macrophages, plasmacytoid dendritic cells, or 
myeloid dendritic cells were noted between the two groups at 
either 24 or 48 h (data not shown). 

To determine if c-di-GMP administration altered the influx 
and/or activation of selected T-ceJl and NK cell populations, 
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0 24 48 

Time post Klebsiella (hrs) 

FIG. 3. Lung leukocyte influx post-i?^ pneumoniae administration in animals pretreated witli i.n. c-di-GMP or control c-GMP. Total lung 
leukocjtes (dushed line) and PMN (solid line) were quantitated in lung digests 24 and 48 h after K. pneumoniae administration. *, P < 0.05 
compared to Kleb.siella-infected mice pretreated with control (c-GMP) i.n. n = 3 for the uninfected group, and n = 6 for control c-GMP- and 
c-di-GMP-treated groups. 



animals were pretreated with c-di-GMP or vehicle control 48 
and 24 h prior to K. pneumoniae challenge, and then the pres- 
ence of specific T and NK cell populations was determined by 
flow cytometry 48 h post-bacterial challenge. Cellular activa- 
tion was determined by expression of the activation marker 
CD69. Klebsiella administration in control c-GMP-prctreatcd 
animals resulted in an increase in the total number of NK cells 
and NK cells expressing CD69. Pretreatment with c-di-GMP of 
infected mice resulted in a trend toward further increased 
numbers of NK cells and a significant increase in the accumu- 
lation of NK ceils expressing CD69 (Table 1). Moreover, we 
observed an increase in the number of ap T cells in lungs of 
infected mice pretreated with c-di-GMP compared to controls, 
as well as a significantly greater number of activated ap T cells 
(as indicated by CD69 expression) in animals pretreated with 
c-di-GMP. No difterences in the number of total or activated 
78 T cells (data not shown) or NKT cells were observed be- 
tween the two groups. 

Eifect of c-di-GMP administration on the expression of che- 
motactic and activating cytokines in uninfected and KkbsieUa- 
infected mice. The previous experiments indicated that the i.n. 
administration of c-di-GMP resulted in a significant increase in 
lung neutrophils, as well as an accumulation and/or activation 
of NK and otp T-cell populations in mice infected with K. 
pneumoniae. To define the mechanism of enhanced neutrophil 
recruitment and selected NK and T-cell accumulation/activa- 



tion, we assessed the time-dependent expression of TNF-ct, 
IL-17, the neutrophil chemotactic cytokine MIP-2, and the 
type I cytokines IL-12, IFN-7, and lP-10 in the lungs of animals 
pretreated with c-di-GMP or control c-GMP. Pretreatment of 
mice with c-di-GMP did not significantly alter the induction of 
TNF-a or IL-17 in response to i.t. bacterial administration 
(data not shown). However, we obseived a significantly greater 
early induction of MIP-2 niRNA levels (at 24 h post-klebsiella 
challenge) compared to that observed in animals pretreated 
with the c-GMP control (twofold increase over infected con- 
trols; P < 0.05) (Fig. 4). In addition, pretreatment with c-di- 
GMP i.n. resulted in induction of the type I cytokines IL-12 
p40, IFN-7, and lP-10 in the lungs at time zero (preinfection). 
Moreover, IP-10 and IFN-7 mRNA levels were significantly 
higher in c-di-GMP-treated mice at 24 h post-A^. pneumoniae 
administration {P < 0.05), whereas IL-12 p40 levels were in- 
creased at both 24 and 48 h post-bacterial challenge, compared 
to infected animals pretreated with control c-GMP. Pretreat- 
ment with c-di-GMP also enhanced the production of MlP-2, 
lLrl2, IFN-7, and IP-10 protein levels at 24 and/or 48 h post-^. 
pneumoniae administration, compared to control-treated ani- 
mals (Table 2). 

Eft'ect of c-di-GMP administration on expression of iNOS 
and production of nitric oxide by lung macropliages ex vivo. 
Nitric oxide has previously been shown to be a required com- 
ponent of effective lung innate immunity in gram-negative bac- 
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(NK) 
DX5' CAWr 

D\5 t 3 -vB TCR (NKT) 

ICR- 



Uninfected 

(1.3 ± 0.3) X 10'^ 
(0.8 ± 0.1) X Ifr^ 

(1.0 ± 0.1) X 10' 

(2.6 ± 0.1.) X ID''' 
(0.3 ± 0.05) X 10-' 



(3.8 - 0.5) X 10" 

(6.0 = 1.0) X 10-"t 

(4.6 ± 0.5) X 10= 

(5,5 - 0.6) X llf 

(3.7 = 0.5) X 10=* 

< 0,05; t, P < 0.01 coinpar< 



(2.5 ± 0.4) X 10" 
(2.7 ± 0,3) X 10' 
(4,4 ± 0,7) X 10' 
(3.4 ± 0.3) X 10'^ 
(2.7 ± 0,3) X 10' 
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c-di-GMP 0 

challenge. Mice were administered i.n. c-di-GMP or control c-GMP 48 and 24 h prior to i.t. A. pneumoniae, and then cvtokme mRNA It 
lung homogenates were determined at 0, 24, and 48 h post-i^ pneumoniae (Kleb) challenge by quantitative PGR. Values shown represent tlie mean 
fold increase over uninfected control mice {x axis). *,P < 0.05; f- P < 0.01 compared to control-treated animals (four to five animals per group). 



teiial pneumonia (46), To determine if the enhanced bacterial 
clearance and improved survival observed in c-di-GMP-pre- 
treated mice were attributable, in part, to augmented NO 
synthesis by pulmonary macrophages, we assessed the time- 
dependent expression of iNOS mRNA and spontaneous pro- 
duction of NO from ex vivo cultured lung macrophages iso- 
lated from control or c-di-GMP-pretreated mice at 24 and/or 
48 h post-i.t. K pneumoniae administration. In these experi- 
ments, macrophages were isolated from CD4.5 ' lung digest 
cells after Percoll gradient centrifugation and adherence puri- 
fication. As shown in Fig, 5A, spontaneous iNOS mRNA ex- 
pression by lung macrophages peaked at 48 h post-bactcrial 
administration and was substantially greater in macrophages 
isolated from c-di-GMP-pretreated mice than in control c- 
GMF-pretreated animals (P < 0.05). Furthermore, in Fig. 5B, 
lung macrophages from c-di-GMP-pretreated mice isolated 
48 h post-bacterial challenge produced more NO spontane- 
ously ex vivo than did macrophages from control infected an- 
imals (P < 0.05). 



□ oGMP 
■ c-di-GMP 



Time post-Kiebsiella 



ic post-AT. pneumoniae infection 



9^ 



c-GMP 



c-di-GMP 



Mff-2 0.34 ± 0.12 2.02 ± 0.36 1.82 ± 0. 

lP-10 0.47 = 0.10 2.51 + 0.35* 1.17 ± 0. 

IL-12 0.17 ± 0.06 0.95 ± 0.20* 0.44 ± 0. 

IFN-y 0.14 ± 0.08 1.59 + 0.26* 0.80 ± 0. 



10.05 + 2.30' 5.34 + 0.91 

4.18 ± 0.76 3.51 + 0.71 

1.41 + 0.23* 0.082 ± 0.11 

1.00 ± 0,30 0.65 ± 0.22 



FIG. -5. Spontaneous iNOS mRNA expressitm and nitric oxide pro- 
duction by lung macrophages post-i.t. K. pneumoniae. (A) Constitutive 
iNOS mRNA expression by Jung digest macrophages isolated at 24 and 
48 h post-i.t. K pneumoniae administration and expressed as fold 
increase over lung macrophages from uninfected mice. (B) Spontane- 
ous nitrite production (as a measure of NO expression) after 18 h in 
culture from lung macrophages isolated from mice 48 h post-i.t. bac- 
terial administration. Lung macrophages were pooled from four mice 
at each time point and condition. *, P < 0.05; t, P < 0.01 compared to 
the control c-GMP-treated group. 



4948 KARAOLIS ET AL. 



Infect. Immun. 



DISCUSvSION 

In this study, we report that pretreatment of mice with 
either i.n. or sviitcmic (s.c.) c-di-GMP, but not control nu- 
cleotide (c-GMP) or vehicle (saline), can induce a signifi- 
cant protective immune response against i.t. challenge with 
a virulent strain of K. pneumoniae in a mouse model of 
bacterial pneumonia. Our findings with A', pneumoniae (a 
gram-negative pathogen) are consistent with a previous 
study showing improved bacterial clearance of S. aureus (a 
gram-positive pathogen) in a mouse infection model after 
pretreatment with the small-molecule cyclic dinucleotide 
c-di-GMP (5), as well as with our recent in vivo and in vitro 
studies showing that c-di-GMP is an immunomodulator and 
immunostimulator>' molecule (22). 

In bacterial pneumonia, clearance of pathogens, espe- 
cially virulent gram-negative pathogens, is primarily depen- 
dent upon a vigorous innate immune response (4, 28, 45, 
46). This study demonstrates that e-di-GMP administration 
enhances several key aspects of the cytokine-mediated in- 
nate immunity in the lung. In particular, c-di-GMP primes 
the host for enhanced early expression of MIP-2, a potent 
ncutrophil-activc chcmokine that contributes to the recruit- 
ment of neutrophils in gram-negative pneumonia. More- 
over, we observed that c-di-GMP given i.n. directly stimu- 
lated the expression of type I cytokines/chemokines IL-ll, 
lFN-7, and IP-10, and the expression of these cytokines was 
further enhanced during lung bacterial infection. This is of 
particular clinical relevance, as these cytokines are neces- 
sary for effective clearance of K. pneumoniae and many 
other important bacterial pathogens from the lung (14, 48, 
49). Our previous study (22) demonstrated that TNF-a was 
short lived, peaked 3 h after c-di-GMP treatment, and re- 
turned to near-basal levels after 24 h. In the current study, 
we found that TNF-a was not signilicantly affected at the 
time points examined. This is important, since excessive and 
unchecked release of TNF-a can lead to tissue damage and 
sepsis. Collectively, the specific and controlled presence of 
cytokines indicates that c-di-GMP functions as an effective 
immunostimulatoiy molecule that skews the immune system 
towards a beneficial type I phenotype cytokine response, an 
effect which is clinically advantageous in host defenses 
against both intracellular and extracellular bacterial patho- 
gens. 

The cellular components of c-di-GMP-stimulated immunity 
have not been clearly defined in our model, but several candi- 
date cell populations are likely involved. We observed a more 
robust influx of neutrophils in c-di-GMP-pretreated animals 
post-bacterial challenge, particularly at the 48-h time point. 
Neutrophils represent an important phagocytic cell in the 
clearance of bacterial pathogens from the lung (28, 47), The 
c-di-GMP-induced upregulation of MIP-2 may contribute to 
enhanced neutrophil trafficking. Moreover NK, NKT, and ap 
T cells are populations that play an important role in innate 
immunity. For instance, activated NK cells are considered to 
be the primary source of IFN-7 in the lung early in the course 
of bacterial infection (8, 10). In addition, increased numbers of 
ap T cells, as well as enhanced activation of NK and ap T cells, 
was found in the lungs of J3ef)si(?//a-infected animals pretreated 
with c-di-GMP, compared to animals pretreated with the con- 



trol. The accumulation and/or activation o\ ilif^c nopu'a- 
tions in the lungs of c-di-GMP-pretreated animals may be 
partially attributable to the enhanced expression of IP- 10. 
which is a chemoattractant for these cells in vivo and in vitro 
(11, 19, 35). Thus, the recraitment and/or activation of several 
key immune cell populations likely contributes to improved 
bacterial clearance and outcome in animals pretreated with 
c-di-GMP. 

Additionally, lung macrophages represent an important 
component of antibacterial innate immunity in pneumonia. 
The internalization and intracellular killing of bacteria by al- 
veolar and interstitial lung macrophages represent the first line 
of delense against bacteria that have reached the distal air- 
spaces (28, 45). Macrophage microbicidal activity is partially 
dependent on the generation of NO, which is required for 
effective clearance of bacteria in murine Klebsiella pneumonia 
(46). We observed enhanced expression of iNOS and NO by 
pulmonary macrophages recovered from infected mice pre- 
treated with c-di-GMP. Type 1 cytokines, including IFN-7, arc 
inducers of iNOS, and we found increased early expression of 
IFN-7 in c-di-GMP-precreated animals. 

The promotion of enhanced type 1 jnmiumty in response 
to c-di-GMP administration supports the distinct possibility 
that c-di-GMP directly stimulates DC-mediated responses. 
In fact, we have recently shown that c-di-GMP induces DC 
cytokine and chemokine production and increases the cell 
surface expression of maturation markers, including CD80, 
CD86, CCR7, and major histocompatibility complex class 11 
(22). In addition, that study also showed that stimulation of 
human DCs by c-di-GMP was associated with activation of 
p38 mitogcn-activated protein kinase. The finding of en- 
hanced IL-12 p40 expression in response to c-di-GMP is 
consistent with DC activation in the lung, although cells 
other than DCs may also contribute to enhanced IL-12 
expression, including lung macrophages. Notably, the i.n. 
administration of c-di-GMP did not alter trafficking of 
myeloid or plasmacytoid DCs to the lung in response to bac- 
terial challenge, nor did it change the expression of costimu- 
kiiors molecules (CD40, CD80, or CD86) by lung myeloid DCs 
(data not shown). 

In this study, we demonstrated that chemically synthesized 
c-di-GMP, a bacterially derived intracellular signaling mole- 
cule, can prime or directly stimulate multiple beneficial aspects 
of innate immunity. We propose that c-di-GMP treatment may 
play a potentially beneficial role in immunoprophylaxis as a 
general immune enhancer by activating innate host defenses in 
humans or animals with respiratory infections and pneumonia 
or in those who are at high risk for the development respiratory 
infections and pneumonia. 
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